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(54) Electrostatic actuator 

(57) An electrostatic actuator (10) comprises a first 
member (1 4) and a second member (1 2), the first mem- 
ber having a first opposed surface (15) that includes an 
array (1 7) of driven electrodes with pitch p r and the sec- 
ond member having a second opposed surface (1 3) and 
including an array (11) of drive electrodes. A support (e. 
g., 120) positions the first member adjacent the second 
member with the first opposed surface spaced apart 
from the second opposed surface by a spacing d. The 
ratio of the spacing and the pitch should be less than 



eight, and is preferably less than 2.25. The support per- 
mits the first member to move relative to the second 
member, or vice versa. A voltage source (58,60) estab- 
lishes a spatially substantially alternating voltage pat- 
tern on the array of driven electrodes. An electrode con- 
trol (30) establishes a substantially alternating voltage 
pattern on the array of drive electrode, and selectively 
imposes a local disruption on the substantially alternat- 
ing voltage pattern on the array of drive electrodes to 
move the movable one of the first member and the sec- 
ond member relative to the other. 
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D scripti n 

The invention relates generally to electrostatic ac- 
tuators and more particularly to micromachined electro- 
static actuators with alternating voltage patterns. 

With the advent of micromachining techniques, 
there has been renewed interest in electrostatic actua- 
tors. Electrostatic actuators achieve high energy densi- 
ties and can be manufactured using straightforward 
manufacturing techniques. Electrostatic actuators have 
been used to position optical devices, to operate switch- 
es, and to turn small gears. For advanced data storage 
devices and other applications, micromachined actua- 
tors that have a large travel, whose positioning can be 
controlled with great precision, and that operate in re- 
sponse to a low actuation voltage are needed. These 
requirements are not met by known micromachined 
electrostatic actuators. 

A micromachined electrostatic actuator that satis- 
fies some of the above requirements is described by 
Trimmer and Gabriel in Design Considerations for a 
Practical Electrostatic Micro-Motor, SENSORS AND 
ACTUATORS, Vol. 11, pages 189-206 (1987) and in 
United States Patent No. 4,754,185. These documents 
describe an electrostatic actuator in which a grounded 
moveable silicon substrate or "rotor" is moved relative 
to a fixed silicon substrate or "stator. 1 The stator has sev- 
eral sets of electrodes on its surface, one of which is 
held at a voltage different from ground in order to posi- 
tion the rotor. Stepped motion is provided by setting the 
pitches of the stator and rotor electrodes in a vernier 
relationship. The rotor electrodes all having the same 
voltage, i.e., ground potential, significantly eases fabri- 
cation of the device. 

However, the electrostatic actuator described by 
Timmer and Gabriel does not meet all of the require- 
ments set forth above. For example, an actuation volt- 
age of approximately 100 V is required to exert a force 
on the rotor in the direction parallel to the plane of the 
rotor surface (an "in-plane force") in the range of forces 
required to operate an advanced memory device. This 
actuation voltage is outside the range of voltages that 
can be controlled using conventional MOS integrated 
circuits. Moreover, the in-plane force is accompanied by 
an out-of-plane force perpendicular to the plane of the 
rotor. The out-of-plane force attracts the rotor towards 
the stator and is as much as ten times greater than the 
in-plane force. 

The large attractive out-of-plane force places sig- 
nificant constraints on the suspension used to maintain 
the spacing between the rotor and stator. For conven- 
tional-size electrostatic actuators, spacers, bearings 
and lubricating layers may be used to support the rotor 
against the attractive force. However, for micro-scale 
structures, it is more difficult to provide an effective way 
of maintaining the spacing between the rotor and stator 
without large frictional forces that adversely affect oper- 
ation. 



Folded beam flexures are most commonly used in 
micromachined devices to support the rotor above the 
stator. Advanced data storage applications require ac- 
tuators that can travel 25 um laterally while maintaining 
5 the rotor-stator spacing to an accu racy of 0. 1 urn. If the 
ratio of the out-of-plane force to the in-plane force is 
near 10, as in the electrostatic actuator described by 
Timmer and Gabriel, then a 2 jim-wide beam flexure 
would need to be at least 100 jam tall to have sufficient 
out-of-plane stiffness. Such a structure is extremely dif- 
ficult to fabricate using conventional processing. 

A first approach to mitigate the effects of the out-of- 
plane attractive forces in micromachined devices is to 
use two stationary electrode plates on opposite sides of 
a movable plate. By selecting the appropriate electrode 
configuration, it is possible to levitate the moving plate 
at a relatively stable position between the two stationary 
plates. However, this approach requires exacting proc- 
ess control during fabrication and/or assembly 

A second known approach applicable to microma- 
chined devices is to use the weight of the movable sub- 
strate to counteract the attractive force. However, since 
this approach does not work if the electrostatic actuator 
is tilted, its usefulness is significantly restricted. 

In both of the approaches discussed above, the ro- 
tor electrodes are all held at a single voltage. Macro- 
scale electrostatic actuators are known that have three 
or more voltages present on both the stator and rotor. 
One approach using a three-phase oscillating voltage 
pattern is described in United States Patent No. 
5,534,740 of Higuchi et al. This approach can produce 
a very large in-plane force. However, the large in-plane 
force is accompanied by a large out-of-plane force about 
four times greater than the in-plane force. Oscillating 
voltages of approximately 200 volts are required to gen- 
erate an in-plane force of sufficient magnitude to over- 
come friction in the suspension elements. Therefore, 
this approach will not conveniently scale to a microma- 
chined device because of the large out-of-plane force 
and the requirement to connect three oscillating voltag- 
es to the rotor electrodes. Making electrical connections 
to a moveable rotor is difficult, particularly for a microma- 
chined rotor, so it is desirable to minimize the number 
of voltages present on the rotor electrodes. In addition, 
the way in which the voltages vary with time should be 
made as simple as possible. 

Some conventional electrostatic actuators provide 
precise position control and a large range of travel, but 
cannot simply be scaled for use in micromachined elec- 
trostatic actuators. This is because these actuators op- 
erate with actuation voltages greater than those that can 
be controlled using conventional MOS integrated cir- 
cuits, generate an out-of-plane force that is too large rel- 
ative to the in-plane force, and require too many electri- 
cal connections to be made to the rotor. What is needed 
is an electrostatic actuator and a way controlling an elec- 
trostatic actuator that provides precise positioning and 
that can be controlled using conventional CMOS inte- 
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grated circuits. What is also needed is such an electro- 
static actuator that can be fabricated using microma- 
chining techniques that employ processing similar to 
that used to make integrated circuits. 

The above requirements are met by a microma- 
chined electrostatic actuator having a structure that will 
be described in more detail below. An alternating volt- 
age pattern is imposed on electrodes located on op- 
posed electrode surfaces of both the rotor and the stator. 
The actuator provides a significantly lower out-of-plane 
force for a given in-plane force. The actuator will provide 
an in-plane force in the range of forces required in an 
advanced memory device when driven with actuation 
voltages in the range that can be controlled using con- 
ventional MOS integrated circuits. The actuator can be 
manufactured using micromachining techniques that 
employ processing similar to that used to make integrat- 
ed circuits. 

The electrostatic actuator includes a stator having 
a first linear array of electrodes disposed along an op- 
posed surface and a rotor having a second linear array 
of electrodes disposed along an opposed surface oppo- 
site the opposed surface of the stator The opposed sur- 
faces of the stator and rotor are spaced apart by a spac- 
ing d. The rotor is supported relative to the stator to allow 
to rotor to move in the in-plane direction, parallel to the 
opposed surfaces. Initially, an alternating voltage pat- 
tern is imposed on the electrodes on both the rotor and 
stator. For example, a first voltage level is applied to eve- 
ry other electrode in each array, and a second voltage 
level, different from the first voltage level, is applied to 
each electrode adjacent the electrodes at the first volt- 
age level. By introducing a local disruption into the al- 
ternating voltage pattern on the stator, the rotor can be 
moved in the in-plane direction by a precise distance. 

The alternating voltage patterns will not by them- 
selves reduce the out-of-plane attractive force to a level 
comparable with the large in -plane force. To reduce the 
out-of-plane force for a given in-plane force, the pitch/ 
spacing ratio p/d, which is the ratio between the elec- 
trode pitch p of the rotor and the spacing d between the 
opposed surfaces of the rotor and the stator must be 
within an optimal range. A usably low outof-p lane force 
results when the pitch/spacing ratio is less than eight. 
The outof-plane force is minimized for a given in-plane 
force when the pitch/spacing ratio is less than about 
2.25. 

In a preferred embodiment, in-plane motion is pro- 
vided by a stepper driven array of electrodes located on 
the opposed surface of the rotor and a corresponding 
stepper drive array of electrodes located on the opposed 
surface of the stator. Each driven array has an even 
number n r of rotor electrodes and each drive array has 
an odd number n s of stator electrodes, so that n s - n r ± 
1. The ratio of the pitch of the driven electrodes to the 
pitch of the stator electrodes is n/n r 

The drive electrodes may alternatively be located 
on the rotor, in which case, the driven electrodes are 



located on the stator. In this case, each driven array has 
an even number of stator electrodes and each drive ar- 
ray has an odd number of rotor electrodes, differing in 
number from the number of stator electrodes by one. 

s The ratio of the pitch of the driven electrodes to the pitch 
of the stator electrodes is equal to the ratio of the number 
of rotor electrodes and the number of stator electrodes. 

As described above, an alternating voltage pattern 
initially exists on the electrode arrays located on each 

10 of the stator and the rotor. The alternating voltage pat- 
tern on the stator alternates between the first voltage 
and the second voltage, where the first voltage is ap- 
plied to the first electrode in the stator array. In-plane 
movement of the rotor is induced by locally disrupting 

15 the initial alternating voltage pattern by switching the 
voltage on the first electrode from the first voltage to the 
second voltage. Further in-plane movement may be in- 
duced by switching the second stator electrode to the 
first voltage, leaving the voltage on the first electrode 

20 unchanged at the second voltage. 

The mode of operation just described subjects the 
rotor to an attractive force directed toward the stator. 
However, unlike the case in which all the rotor elec- 
trodes are held at the same voltage, the magnitude of 

25 the out-of-plane attractive force can be reduced by a fac- 
tor of approximately ten to a level approximately equal 
to the maximum in-plane force applied to the rotor If the 
rotor is suspended by beam flexures, this reduction in 
the out-of-plane force by a factor often reduces the as- 

30 pect ratio of the beam flexures to one that can be easily 
manufactured by conventional techniques. 

A further advantage of the electrostatic actuator ac- 
cording to the invention is that it provides a large in- 
plane force for a given actuation voltage. The in-plane 

35 force may be as large as one third of the attractive force 
between the two plates of an equivalently-sized parallel- 
plate capacitor. 

The electrostatic actuator according to the invention 
has another advantage in that the in-plane position of 

40 the rotor can be progressive ly stepped without changing 
the alternating voltage pattern imposed on the rotor 
electrodes. As a result, the stepping rate is not limited 
by the dynamic electrical characteristics of the rotor. 
Moreover, only one stator electrode in each set of stator 

45 electrodes need be switched at any one time to step the 
rotor position. This imposes a minimum of timing con- 
straints on the stator voltage control circuitry. 

The electrostatic actuator according to the invention 
can be used to provide displacements in both the in- 

50 plane and out-of-plane directions, i.e., in directions re- 
spectively parallel and perpendicular to the opposed 
surfaces of the stator and rotor. Opposed electrodes on 
which an alternating voltage pattern is imposed can also 
be used to exert an out-of-plane force on the rotor. Such 

55 out-of-plane force can be used to offset the out-of-plane 
attractive force exerted on the rotor by the electrodes 
generating the in-plane force. Additionally or alternative- 
ly, the out-of-plane force can be used to control the po- 
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sition of the rotor in the out-of-plane direction. 

The out-of -plane force is preferably provided by an 
array of levitator drive electrodes located on the op- 
posed surface of the stator and an array of levitator driv- 
en electrodes located on the opposed surface of the ro- 
tor. The arrays of levitator drive electrodes and levitator 
driven electrodes have equal pitch. The alternating volt- 
age patterns are imposed so that levitator electrodes in 
the higher-voltage state on the rotor are aligned with the 
levitator electrodes in the higher voltage state on the sta- 
tor. With this arrangement, the rotor is repelled from the 
stator. The out-of-plane force can be controlled by var- 
ying the voltages on either or both of the rotor or stator 
The array of levitator drive electrodes may alternatively 
be located on the opposed surface of the rotor and the 
array of levitator driven electrodes may alternatively be 
located on the opposed surface of the stator. 

Electrode arrays primarily generating an in-plane 
force ("stepper electrode arrays") and electrode arrays 
generating an out-of-plane force ("levitator electrode ar- 
rays") can be combined to provide additional function- 
ality. For example, a number of similar electrode arrays 
can be used to increase the force applied by a single 
electrode array. Moreover, a first stepper electrode array 
disposed perpendicular to a second stepper electrode 
array can move the rotor in either or both of two perpen- 
dicular in-plane directions. A levitator electrode array 
disposed perpendicular to a stepper electrode array can 
be used to offset the attractive out-of-plane force gen- 
erated by the stepper electrode array. Finally, parallel 
stepper electrode arrays with different pitches can be 
used to exert an in-plane force on the rotor without any 
associated out-of-plane force. 

The out-of-plane force exerted by a stepper array 
may also be reduced by filling the space between the 
rotor and stator with solid or fluid dielectrics. 

One half of the electrodes in the rotor array may be 
replaced by a conductive plane set to a predetermined 
voltage, such as ground potential. This conductive plane 
forms "effective 0 electrodes between adjacent physical 
electrodes. For example, a conductive plane may be 
formed, and may be covered by an insulating layer on 
which a linear array of electrically-interconnected phys- 
ical electrodes is located. Each region of the conductive 
plane between adjacent physical electrodes functions 
as an effective electrode. The alternating voltage pat- 
tern is established by setting the electrically-intercon- 
nected physical electrodes to a voltage different from 
that of the conductive plane. 

The drive electrodes in the stepper array are pref- 
erably connected to the same pair of voltage levels as 
the corresponding driven electrodes, although addition- 
al positioning accuracy can be provided if the electrode 
whose voltage is changed to disrupt the alternating volt- 
age patten is connected to a voltage intermediate be- 
tween the pair of voltage levels. 

Because of the high voltage-to- in-plane-force con- 
version efficiency of the electrostatic actuator according 



to the invention, the pair of voltages applied the elec- 
trodes to impose the alternating voltage pattern may be 
selected to provide compatibility with conventional MOS 
circuits. Voltage pairs differing by less than 20 V will pro- 

s vide rapid movement of the rotor over a 50 ujn range. 
Throughout this disclosure, the term "rotor" is used 
to describe the movable part of the actuator, irrespective 
of whether the moveable part actually moves, and irre- 
spective of whether it moves laterally or rotates. The em- 

10 bodiments described below can be directly employed in 
both rotary and linear actuators. In rotary electrostatic 
actuators, the electrodes of the stepper arrays are de- 
posed radially about the center of rotation, and the elec- 
trodes of the levitation arrays are concentric with the 

is center of rotation. 

Arrays of sense electrodes may additionally or al- 
ternatively be located on the opposed surfaces of both 
the rotor and the stator to generate electrical signals in- 
dicating the position of the rotor. Corresponding sense 

20 arrays on the rotor and the stator have equal pitch. An 
alternating voltage pattern is applied to the sensor drive 
array, which is preferably located on the rotor, the volt- 
age pattern induced in the sensor driven array prefera- 
bly located on the stator is detected, and the position of 

25 the rotor is determined from the voltage pattern. 

As noted above, the driven role of the rotor may be 
interchanged with the driving role of the stator for the 
stepper and levitator electrodes, and the driving role of 
the rotor may be interchanged with the driven role of the 

30 stator for the sensor electrodes. 

As mentioned above, a usably-low out-of-plane 
force is obtained when the pitch/spacing ratio, p/d, is 
less than eight, and the out-of-plane force for a given in- 
plane force is minimized when the pitch/spacing ratio is 

35 less than 2.25. When the pitch/spacing ratio is less than 
2.25, the in-plane force is maximized and the attractive 
out-of-plane force is minimized for a given actuation 
voltage. 

Because the alternating voltage pattern on the rotor 

40 does not need to change with time, the electrostatic ac- 
tuator according to the invention will also operate when 
the alternating voltage pattern is established on the rotor 
opposed surface in some other way. For example, the 
alternating voltage pattern may be established by elec- 

45 trostatic charge deposited on the opposed surface, by 
a poled ferroelectric located on the opposed surface or 
by a strain field established in a piezoelectric material 
located on the opposed surface. To describe these al- 
ternatives, the relationship to maximize the in-plane 

50 force in terms of the spacing d can be stated in terms of 
the primary spatial wavelength X of the voltage distribu- 
tions on the opposed surfaces of the rotor and the stator. 
This more analytic description is also necessary for an 
accurate description of the electrostatic actuator when 

55 the voltage pattern imposed on the electrodes is not ex- 
actly an alternating pattern, or when intermediate volt- 
age levels are applied to some of the electrodes. 

When the operation of the electrostatic actuator is 
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described in terms of the primary spatial wavelength, the 
relationship to maximize the in-plane force in terms of 
the spacing dean be stated as a requirement that ratio 
of the primary spatial wavelength X to the spacing d, i. 
e., the spatial wavelength/spacing ratio, be less than 
4.5. If the voltage pattern is strictly alternating and the 
pitch of the electrodes is uniform and equal to p, the pri- 
mary spatial wavelength is simply 2p, and the constraint 
on X is identical to the constraint on p. If the voltage pat- 
tern is not strictly alternating, such as occurs when the 
alternating voltage pattern on the stator is locally dis- 
rupted to change the position of the rotor, then the pri- 
mary spatial wavelength X is determined by calculating 
a Fourier transform of the voltage distribution. 

The primary advantage of the electrostatic actuator 
according to the invention is that a voltage compatible 
with convention MOS circuits will generate an in-plane 
force sufficiently large to move the rotor relative to the 
stator over distances of several tens of microns, and that 
the out-of-plane force generated as a side effect of gen- 
erating the in-plane force is small enough to allow con- 
ventionally-fabricated folded beam flexures to support 
the rotor. A second advantage is that only two voltages 
need to be connected to the rotor, which enables the 
rotor to be fabricated with a minimum number of electri- 
cal interconnects. Moreover, since the voltages on the 
rotor are static, these electrical interconnects can have 
a relatively high impedance. Simplified electrical inter- 
connects reduce the process complexity and minimize 
the effects of residual mechanical strains resulting from 
the use of dissimilar materials. 

Figure 1 is a schematic side view of the basic em- 
bodiment of the electrostatic actuator according to the 
invention. 

Figure 2 is a bottom view of an embodiment of the 
rotor shown in Figure 1 . 

Figure 3 is a plot of the normalized forces applied 
to the rotor shown in Figure 2 as functions of the in-plane 
position of the rotor. 

Figure 4 is a plot of the three extrema from the force 
curves of Figure 3 as functions of the pitch/spacing ratio 
of the rotor electrodes. 

Figure 5 is a plot of the ratio of out-of-plane attrac- 
tive force to in-plane force as a function of the pitch/ 
spacing ratio of the rotor electrodes. 

Figure 6 shows the voltage states for operating the 
electrostatic actuator shown in Figure 1 . 

Figure 7 shows the voltage states of adjacent elec- 
trode arrays of the electrostatic actuator shown in Figure 
1. 

Figure 8 is a plot of the in-plane forces as functions 
of the rotor position for four voltage states in one em- 
bodiment of the invention. 

Figure 9 is a schematic side view of an embodiment 
of the invention in which a levitator electrode arrays ap- 
ply an out-of-plane levitation force to the rotor 

Figure 10 shows the opposed surface of the rotor 
in an embodiment having multiple electrode arrays. 
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Figure 1 1 shows the opposed surface of the rotor of 
an embodiment of the invention that operates as a rotary 
actuator. 

Figure 12 is a schematic side view of an embodi- 
5 ment of the invention in which the driven electrode array 
is composed of alternate effective electrodes and phys- 
ical electrodes. 

Figure 13 is a schematic side view of an embodi- 
ment of the invention in which the space between the 
10 rotor and the stator is filled with liquid and solid dielec- 
trics. 

Figure 14 is a schematic side view of an embodi- 
ment of the invention in which arbitrary voltage patterns 
present on the surfaces of the rotor and stator. 
is Figure 1 5 is a plot of the normalized forces applied 
to the rotor of Figure 14 as functions of the lateral posi- 
tion of the rotor. 

Figure 16 is a plot of the three extrema from the 
force curves of Figure 15 as functions of the spatial 
20 wavelength of the voltage patterns on the surfaces of 
the rotor and stator. 

1. Description of the Basic Embodiment 

25 A basic embodiment of the electrostatic actuator 1 0 
according to the invention is shown schematically in Fig- 
ure 1 . The structure of this actuator is characteristic of 
the embodiments that will described below. The electro- 
static actuator includes the stator 12 and the rotor 14. 
30 The stator includes the plane opposed surface 1 3 along 
which the linear array 11 of stator electrodes 16, 18, 20, 
22, 24, 26 and 28 is disposed. The rotor includes the 
plane opposed surface 1 5 opposite the opposed surface 
1 3 of the stator. Disposed along the opposed surface 1 5 
35 is the linear array 17 of rotor electrodes 32, 34, 36, 38, 
40 and 42. The stator electrodes and the rotor elec- 
trodes are each elongate in a plane perpendicular to the 
plane of the drawing. 

The rotor 14 is supported relative to the stator 12 
40 so that the opposed surface 1 3 of the stator is spaced 
apart from the opposed surface 15 of the rotor by the 
spacing d. The embodiment shown in Figure 1 has only 
the single array 11 of stator electrodes and the single 
array 17 of rotor electrodes. Practical embodiments may 
45 have arrays of electrodes concatenated on the stator 
and the rotor to increase the in-plane force exerted on 
the rotor, and may have additional arrays of electrodes 
to generate an out-of-plane force and to sense the po- 
sition of the rotor. Such embodiments will be described 
50 in more detail below 

In the embodiment shown in Figure 1, the voltage 
pattern on the array 17 of rotor electrodes is static and 
strictly alternating, and is applied by connecting the volt- 
age source 58 to the alternate electrodes 32, 36 and 40, 
55 and by connecting the voltage source 60 to the elec- 
trodes 34, 38 and 42, adjacent the electrodes 32, 36 and 
40, respectively. 

A substantially alternating pattern of voltages is ap- 
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plied to the stator electrodes through the electrode con- 
trol 30 and voltage source 31 . As will be described in 
more detail below, the basically alternating voltage pat- 
tern may be created by applying a voltage level 1 to the 
alternate electrodes 1 6, 20, 24 and 28 and a voltage lev- 
el 0 to the electrodes 18, 22 and 26, adjacent the elec- 
trodes 16, 20 and 24, respectively. 

To reduce the out-of-plane attractive force exerted 
between the stator and the rotor for a given in-plane 
force, the pitch of the rotor electrodes is chosen in rela- 
tion to the spacing between the opposed surfaces 13 
and 15 so that the ratio between pitch p r of the elec- 
trodes on the rotor and the spacing d between is less 
than eight, i.e., the pitch/spacing ratio, p/d, is less than 
eight. 

The ratio of the pitch p 3 of the stator electrodes to 
the pitch p r of the rotor electrodes is the inverse of the 
ratio of the number n $ of stator electrodes in the stator 
electrode array to the number n r of rotor electrodes in 
the rotor electrode array. In the example shown in Figure 
1 , ratio of the pitch p s o1 the stator electrodes to the pitch 
p r of the rotor electrodes is 6:7. 

To multiply the in -plane force exerted on the rotor 
1 4 by a factor of m, m arrays of rotor electrodes similar 
to the rotor electrode array 17 are concatenated across 
the opposed surface 1 5 of the rotor, and m arrays of sta- 
tor electrodes similar to the stator electrode array 11 are 
concatenated across the opposed surface 1 3 of the sta- 
tor 1 2. Thus, multiple arrays of six and seven electrodes 
are concatenated along the opposed surfaces of the ro- 
tor and stator, respectively. Adjacent arrays are spaced 
from one another by a spacing equal to the pitch of the 
electrodes in the arrays themselves to maintain a con- 
stant pitch along the length of the concatenated arrays. 

The opposed surface 1 5 of the rotor 1 4, on which 
multiple electrodes arrays, all similar to the electrode ar- 
ray 17, and including the electrode array 17, are con- 
catenated, is shown in Figure 2. Alternate electrodes are 
electrically interconnected so that two sets of electrodes 
are formed. The first set is composed of the electrodes 
32, 36 and 40, and the second set composed ofthe elec- 
trodes 34, 38 and 42. Connecting one of the electrode 
sets to the voltage source 58, and connecting the other 
of the electrode sets to the voltage source 60, which 
generates a different voltage from the voltage source 
58, establishes an alternating voltage pattern of along 
the opposed surface 15. 

The folded beam flexures 120, 122, 124 and 126 
connect the rotor 1 4 to anchors 1 30, 1 32, 1 34 and 1 36. 
The anchors are in turn connected to the stator (not 
shown in Figure 2). The folded beam flexures are flexi- 
ble in the x-direction but are stiff in the z-direction, per- 
pendicular to the plane of the drawing. The flexibility of 
the folded beam flexures in the x-direction allows the 
rotor to move freely in the x-direction. The stiffness of 
the folded beam flexures in the z-direction maintains the 
spacing in the z-direction between the rotor and stator 
notwithstanding the out-of-plane force exerted on the ro- 



10 
tor 

The alternating voltage pattern on the rotor and sta- 
tor is simple to establish yet enables the ratio between 
the out-of-plane force and the in-plane force to be as 
s small as unity. This ratio is sufficiently low to enable the 
folded beam flexures 1 20, 1 22, 1 24 and 1 26 that support 
the relative to the stator to have an aspect ratio, i.e., a 
ratio of width to thickness, that lies within the range that 
can easily be fabricated using conventional semicon- 
ductor processing techniques. For example, in an early 
experimental prototype, a 1 mm-square rotor on which 
was formed an array of four electrodes was suspended 
above a stator on which was formed six electrodes. The 
rotor was suspended using folded beam flexures having 
a 7:1 aspect ratio. An actuation voltage of 4V generated 
an in-plane actuation force of 3}iN, which was sufficient 
to move the rotor a distance of 8 um The actuation volt- 
age was sufficiently low to enable it to be controlled us- 
ing conventional MOS circuits. 

The electrostatic forces exerted on the rotor by the 
stator can be more completely analyzed using either fi- 
nite element modeling programs or methods of electro- 
static analysis such as those described by Jackson in 
CLASSICAL ELECTRODYNAMICS, John Wiley and 
Sons, New York, 1975. Figure 3 shows the in-plane 
force F x and the out-of-plane force F z plotted as func- 
tions of the in-plane position of the rotor relative to the 
stator, i.e., the position of the rotor in the x-direction. The 
position of the rotor in the x-direction is normalized to 
the pitch p r of the rotor electrodes. The in -plane force 
and the out-of-plane force are normalized to the force 
of attraction between the plates of a similarly-sized par- 
allel-plate capacitor. In this example, the ratio of the 
pitch of the rotor electrodes to the spacing, i.e., p/d, is 
2.25. The rotor position 1 .5 in Figure 3 corresponds to 
the rotor position shown in Figure 1 . 

The in-plane force F x exerted on the rotor 1 4 is a 
sinusoidal function of the position of the rotor in the x- 
direction, and is centered about the origin, i.e., the max- 
imum in-plane force in the +x-direction is equal to the 
maximum in-plane force in the -x-direction. The out-of- 
plane force F z exerted on the rotor is also a sinusoidal 
function of the in-plane position of the rotor. However, 
the out-of-plane force is offset relative to the origin so 
that the maximum out-of-plane force in the -z-direction, 
MaxF z -, is greater than the maximum out-of-plane force 
in the +z-direction, MaxF z +, A negative value of F z indi- 
cates that the out-of-plane force is exerted in the -z-di- 
rection, and attracts the rotor towards the stator, while 
a positive value indicates that the out-of-plane force is 
exerted in the +z-direction, and repels the rotor away 
from the stator. 

It can be seen that, in the example shown in Figure 
3, the maximum in-plane force MaxF x has a similar mag- 
nitude to the maximum out-of-plane attractive force 
MaxF z -. The near-unity ratio between the maximum out- 
of-plane attractive force and the maximum in-plane 
force substantially reduces the constraints on the sus- 
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pension between the rotor and the stator, and albwsthe 
use of beam flexures with aspect ratios that can be eas- 
ily manufactured using conventional semiconductor fab- 
rication techniques. The maximum in-plane force that a 
1 .0 mm-square rotor having electrodes with an alternat- 
ing voltage pattern can apply against a load is 0.25 
U.NV" 2 for a spacing d= 2.5 um This is much larger than 
the maximum in-plane force that can be exerted by sim- 
ilarly-sized conventional electrostatic actuators. The 
voltage-to-in-plane force conversion efficiency of the 
electrostatic actuator according to the invention allows 
the actuator to be operated with drive voltages that are 
considerably smaller than that required by conventional 
actuators. Useable actuation forces can be generated 
using actuation voltages low enough to be controlled us- 
ing conventional MOS circuits. 

The rotor has a stable position where the in-plane 
force crosses zero with a negative slope. Though the 
electrostatic actuator according to the invention has a 
significantly reduced out-of-plane to in-plane force ratio 
compared with conventional electrostatic actuators, the 
rotor is still subject to an out-of-plane attractive force at 
its stable position. Embodiments which further reduce 
the out-of-plane attractive force will be described below 

Figure 3 indicates that there is a second rotor posi- 
tion where the in-plane force is zero. At this position, the 
rotor equilibrium is unstable, and the out-of-plane force 
is a maximum in the positive direction, i.e., the rotor is 
repelled from the stator. If the rotor is located at this po- 
sition and is prevented from moving in the x-direction, 
the out-of-plane force will act as a stable levitation force 
on the rotor. 

As noted above, an alternating pattern of voltages 
does not by itself yield a maximum in-plane force com- 
parable with the maximum attractive out-of-plane force. 
The pitch/spacing ratio p/d, i.e., the ratio between the 
rotor electrode pitch p r and the spacing d between the 
opposed surfaces 13 and 1 5 of the stator and rotor, re- 
spectively, must also be within an optimum range. The 
sinusoidal force curves shown in Figure 3 can be ade- 
quately characterized by the three extrema MaxF^ 
MaxF z + and MaxF z -, MaxF x is the maximum in-plane 
force, MaxF^- is the maximum repulsive out-of-plane 
force, and MaxF z - is the maximum attractive out-of- 
plane force. 

Figure 4 shows how the three extrema vary as func- 
tions of the pitch/-spacing ratio p/d. The in-plane force, 
MaxF^ and the repulsive out-of-plane force, MaxF z +, 
have maxima when the pitch/spacing ratio is about 1 .5. 
The out-of-plane attractive force MaxF z - increases as 
the pitch/spacing ratio increases and reaches a sub- 
stantially constant value at large values of the pitch/- 
spacing ratio. 

The ratio of the maximum out-of-plane attractive 
force MaxF z - to the maximum in-plane force MaxF x is 
especially important for micromachined surface actua- 
tors because of practical limitations on making the rotor 
suspension with a very high aspect ratio. If the out-of- 



plane to in-plane force ratio is small, then much greater 
lateral travel can be achieved using folded beam flex- 
ures to support the rotor. 

Figure 5 shows the force ratio, i.e., the ratio be- 
5 tween the maximum attractive out-of-plane force and 
the maximum in-plane force, plotted as a function of the 
pitch/spacing ratio p/d. Satisfactory operation with fold- 
ed beam flexures having an aspect ratio that can be con- 
veniently manufactured occurs for force ratios as large 
10 as five, corresponding to a pitch/spacing ratio as large 
as eight. With a force ratio as large as five, the maximum 
out-of-plane force that the suspension must counteract 
requires the suspension to have a large out-of-plane 
stiffness. The resultant in-plane stiffness of the suspen- 
ds sion limits the in-plane travel of the rotor. An optimal 
compromise between the magnitude of the in-plane 
force and ratio between MaxF z - and MaxF x occurs when 
the pitch/spacing ratio is less than 2.25, i.e., p/d <2.25. 
When this pitch/spacing ratio is in this range, a large in- 
20 plane force is generated, as shown in Figure 4, and the 
out-of-plane to in-plane force ratio is close to unity. 

2. Stepping Actuation 

25 The electrostatic actuator shown in Figure 1 is ca- 
pable not only of generating a sizable static lateral force, 
but also of operating as a stepping motor. In contrast to 
the static operation of the electrostatic actuator, the sta- 
ble position of the rotor changes in the in-plane direction 

30 relative to that of the stator when the electrostatic actu- 
ator operates as a stepper motor. The stable in-plane 
position of the rotor is changed by creating a local dis- 
ruption in the basically alternating voltage pattern ap- 
plied to the array of electrodes on either the rotor or the 

35 stator. The alternating voltage pattern applied to the oth- 
er array of electrodes remains unchanged. 

The array of electrodes whose alternating voltage 
pattern is disrupted will be called the drive array, and the 
electrodes in the drive array will be called drive elec- 

40 trodes. The array of electrodes whose alternating volt- 
age pattern remains unchanged will be called the driven 
array, and the electrodes in the driven array will be called 
driven electrodes. Since it is usually easier to make mul- 
tiple electrical connections to the stator electrodes than 

45 to the rotor electrodes, the drive electrodes are located 
on the stator and the driven electrodes are located on 
the rotor in the preferred embodiment. However, the lo- 
cations may be reversed. The electrode arrays that 
move the rotor in the in -plane direction will be called 

50 stepper arrays to distinguish them from other electrode 
arrays that serve other purposes. Motion of the rotor in 
the in-plane direction will be called stepping motion. In 
some applications, the electrostatic actuator may be 
configured so that changing the alternating voltage pat- 

55 tern applied to the driver electrode array would result in 
movement of the rotor if the rotor were free to move. In 
this disclosure, a change in the alternating voltage pat- 
tern that would result in movement if the rotor were free 
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to move will be said to "move" the rotor even though no 
movement actually occurs. 

Operation of the stepper arrays 1 1 and 1 7 described 
above with reference to Figure 1 to provide stepping mo- 
tion will be described next with reference to Figure 6. 
Figure 6 schematically shows an example of the alter- 
nating voltage patterns applied to the driven electrode 
array 17 and the drive array electrode 11. In this exam- 
ple, there are six electrodes in the driven array 17 and 
seven electrodes in the drive array 11 . The low and high 
voltage states are indicated by the letters B L" and "H," 
respectively. Since the voltage states applied to the 
drive electrodes change, the voltage states of the drive 
electrodes in four consecutive steps of stepping the ro- 
tor position are shown in the steps marked a through d 
in the figure. 

The driven array 1 7 has a fixed alternating voltage 
pattern of low and high voltage states. The initial pattern 
of voltage states on the drive array 11 is shown in step 
a in Figure 6. In this, alternate electrodes have the same 
voltage state and adjacent electrodes have opposite 
voltage states, so the initial voltage pattern is the above- 
described alternating voltage pattern. In-plane move- 
ment of the rotor is obtained by a applying a sequential- 
ly-moving local disruption to the alternating voltage pat- 
tern on the drive array. The sequentially-moving local 
disruption is applied by changing the voltage state of 
one of the drive electrodes. The position of the electrode 
whose voltage state is changed is sequentially shifted 
along the drive electrode array. In the example shown, 
the local disruption shifts from left to right. However, the 
local disruption may shift from right to left. 

The alternating voltage pattern on the drive array 
11 is locally disrupted by switching the drive electrode 
16 from the low voltage state to the high voltage state, 
leaving the voltage states of the remaining six drive elec- 
trodes 18-28 unchanged. The resulting pattern of volt- 
age states is shown in step b of Figure 6. The voltage 
pattern on the drive electrodes remains substantially al- 
ternating despite the local disruption caused by the two 
adjacent electrodes 1 6 and 1 8 being in the same voltage 
state. Locally disrupting the alternating voltage pattern 
on the drive array by switching the voltage state of the 
electrode 16 generates an in-plane force that drives the 
rotor one step to the left in the in-plane direction. 

To move the rotor another step to the left in the in- 
plane direction, the local disruption in the alternating 
voltage pattern on the drive array is shifted by one elec- 
trode to the right by switching the drive electrode 1 8 from 
the high voltage state to the low voltage state. The elec- 
trode 18 is the electrode adjacent the electrode 16 
whose voltage state was previously switched. The volt- 
age states of the remaining six drive electrodes remain 
unchanged. The resulting voltage pattern is shown in 
step cof Figure 6. 

To move the rotor one more step to the left in the 
in-plane direction, the local disruption in the alternating 
voltage pattern on the drive array is shifted by one fur- 



ther electrode to the right by switching the drive elec- 
trode 20 from the low voltage state to the high voltage 
state. The electrode 20 is the electrode adjacent the 
electrode 18 whose voltage state was previously 
5 switched. The voltage states of the remaining six drive 
electrodes remain unchanged, so the voltage pattern on 
the drive electrodes on each side of the local disruption 
remains an alternating voltage pattern. The resulting 
voltage pattern is shown in step dot Figure 6. 

Figure 6 shows the location of the local disruption 
in the alternating voltage pattern applied to the drive ar- 
ray shifting by one electrode to the right in each step. A 
further three steps (not shown), in which the voltage 
states of the drive electrodes 22, 24 and 26 are 
switched, move the local disruption to the right-hand ex- 
treme of the drive array 1 1 . One further step (not shown) 
switches the voltage state of the drive electrode 28 from 
low to high to form an undisrupted alternating voltage 
pattern that differs from the undisrupted voltage pattern 
shown in step a only in that the high and low voltage 
states are interchanged. One more step switches the 
voltage state of the drive electrode 16 from high to low 
to return the local disruption to the left-hand extreme of 
the drive array. 

The movement of the local disruption is shown more 
clearly when two or more arrays of stepper electrodes 
are concatenated. Figure 7 shows the second driven ar- 
ray 63 concatenated with the first driven array 17, and 
the second drive array 65 concatenated with the first 
drive array 11. The concatenated arrays are spaced 
from one another by a distance equal to the pitch of the 
electrodes in each array so that the pitch of the driven 
electrodes in the drive arrays 17 and 63 and the pitch of 
the drive electrodes in the drive arrays 11 and 65 are 
continuous across the respective opposed surfaces 13 
and 15. 

In the example just described, the local disruption 
introduces a local phase inversion into the alternating 
voltage pattern applied to the stator electrode array. Al- 
ternatively, the local disruption may introduce a local 
phase shift smaller than a phase inversion into the al- 
ternating voltage pattern. 

A continuous alternating voltage pattern is applied 
to the concatenated driven arrays 1 7 and 63 as shown 
in Figure 7. This is done by applying the same voltage 
states to corresponding electrodes of adjacent driven 
arrays. Thus, in the example shown, the voltage state 
of the left-hand electrode 32 of the driven array 17 and 
that of the left-hand electrode of the driven array 63 are 
both low. 

In contrast, the alternating voltage patterns applied 
to the arrays of drive electrodes are local to the arrays 
themselves. The voltage states of corresponding elec- 
trodes of adjacent drive arrays is the same, so that a 
local disruption, namely, a local phase inversion in the 
example shown, exists at the boundary between adja- 
cent drive electrode arrays. This can be seen in step a 
of Figure 7. The right-hand electrode 28 of the drive ar- 
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ray 11 and the adjacent left-hand electrode o! the drive 
array 65 are both in the Low voltage state. Consequent- 
ly, when drive electrode arrays are concatenated, the 
substantially alternating voltage pattern applied to the 
drive electrode arrays includes a local disruption initially 
located at the interface between each pair of adjacent 
drive arrays. 

Steps b-d show how two local disruptions in the al- 
ternating voltage pattern are progressively shifted to the 
right in one-electrode steps from their respective initial 
locations at the left-hand end of the drive array 11 and 
at the interface of the drive arrays 11 and 65. In both 
cases, the local disruption is shifted by changing the 
voltage state of one corresponding electrode in each of 
the drive arrays 11 and 65 in each step. The person of 
ordinary skill in the art will appreciate that the voltage 
pattern examples shown in steps a to d can be extended 
to show how a local disruption that originates at the left- 
hand end of the drive array 11 can travel across the con- 
catenated drive arrays until it reaches the right-hand end 
of the drive array 63. 

The electrode control 30 can alternatively cause the 
local disruptions in the alternating voltage pattern to 
move from right to left to move the rotor from left to right. 

Using concatenated electrode arrays does not in- 
crease the complexity of the voltage control 30 that con- 
trols the voltages applied to the drive electrodes. This is 
because corresponding electrodes of each drive array 
are always in the same voltage state, and can therefore 
be electrically connected in parallel. The parallel-con- 
nected electrodes are then connected to one output of 
the electrode control 30. Irrespective of the total number 
of drive electrodes, the number of outputs on the elec- 
trode control is equal to the number of electrodes in each 
drive array. Thus, in the example shown in Figure 7, in 
which there are seven electrodes in each drive array, 
the electrode control has seven outputs. 

Figure 8 shows how the in-plane force exerted on 
the rotor varies as a function of the rotor position when 
four different voltage patterns labeled e, f, g and h are 
applied to the drive electrodes. These voltage patterns 
were e-LLH LLH, /-HLH LLH, p-HLH HLH, and h-HLL 
HLH. The results shown in Figure 8 were calculated us- 
ing a mathematical model of an electrostatic actuator in 
which each drive array had six electrodes and each driv- 
en array had four electrodes. However, similar varia- 
tions of in-plane force with rotor position are obtained 
with an electrostatic actuator in which each drive array 
has seven electrodes and each driven array has six 
electrodes, as described above. In this example, the ro- 
tor pitch was 6 jim. The in-plane force is calculated for 
only a small range of rotor positions, so only a portion 
of the sinusoidal force curve is visible. The calculated 
values do not all lie on smooth curves because of limi- 
tations of the finite element modeling package used to 
generate the curves. 

The rotor has four stable positions where the in- 
piane force is zero. When the alternating voltage pattern 
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e is applied to the drive electrodes, the stable position 
occurs at a rotor position of about +1 ujm in Figure 8. 
When the alternating voltage pattern is switched to volt- 
age pattern f, the stator exerts a force on the rotor in the 

5 -xdirection, which steps the rotor towards the stable po- 
sition of the voltage pattern /, i.e., to a rotor position of 
about 0 um Progressively switching the alternating volt- 
age pattern applied to the drive electrodes to alternating 
voltage patterns g and h causes the stable position of 

io the rotor to move in uniform steps. Switching from one 
voltage pattern to the next effectively shifts the locations 
of the in-plane and out-of-plane force curves in succes- 
sive steps. The step size is determined by the pitch of 
the driven electrode array divided by the number of elec- 
ts trodes in each drive array. For example, in the embodi- 
ment described above in which there are seven elec- 
trodes in each drive array on the stator, the step size is 
one seventh of the rotor pitch. 

There are several important benefits of stepping the 

20 rotor in the manner just described. First, the drive elec- 
trodes operate with voltage signals having only two volt- 
age states, e.g., OVand 5V, that can easily be controlled 
by a digital circuit. 

Second, the alternating voltage pattern applied to 

25 the driven electrodes remains unchanged when the ro- 
tor position is stepped. When the driven electrodes are 
located on the rotor, as they preferably are, this enables 
the stepping speed to be independent of the electrical 
characteristics of the rotor. The rotor electrodes can 

30 have a high capacitance, and the conductors connect- 
ing the rotor electrodes to the voltage sources 58 and 
60 can have a high resistance. However, since the al- 
ternating voltage pattern on the rotor electrodes is static, 
the long time constant resulting from high capacitance 

35 electrodes fed via high-resistance conductors does not 
adversely affect the dynamic performance the actuator. 
The alternating voltage pattern applied to the rotor elec- 
trodes remaining static during dynamic operation of the 
electrostatic actuator reduces the fabrication complexity 

40 of the rotor. 

Finally, the voltage state of only one drive electrode 
in each drive electrode array is switched at a time to step 
the rotor. This reduces jitter and the timing constraints 
on the electrode control 30. 

45 

3. Outoi '-Plane Levitation 

In the electrostatic actuator described above, the 
stator exerts an out-of-plane attractive force on the rotor 

50 when the rotor is at its stable in-plane positions, even 
though the out-ol -plane force is reduced compared with 
conventional electrostatic actuators. For an electrostatic 
actuator in which the rotor is required to step in only one 
in-plane direction, for example, in the ±x-direction, an 

55 additional array of electrodes can be provided on the 
opposed surfaces 13 and 15 of the stator 11 and the 
rotor 14, respectively, to generate an out-of-plane levi- 
tation force that counteracts the out-of-plane attractive 
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force. The electrodes in the additional arrays of elec- 
trodes are oriented perpendicular to the electrodes in 
the stepper arrays that step the position of the rotor. 

To distinguish the arrays of electrodes that generate 
the out-of -plane levitation force from the stepper arrays s 
that generate the in-plane force to step the rotor, the 
former will be called levitator arrays, and the electrodes 
in them will be called levitator electrodes. The same 
drive and driven convention applied to the stepper ar- 
rays will also be applied to the levitator arrays. 

The levitator arrays differ from the stepper arrays in 
that the voltage levels applied to the driven levitator 
electrodes are different from the voltage levels applied 
to the drive levitator electrodes. Moreover, for the levi- 
tator arrays to be effective, the rotor must be constrained 
against in-plane movement in the direction perpendicu- 
lar to the lengthwise direction of the levitator electrodes. 
The structure and operation of the levitator electrodes 
will be described below. 

Figure 9 shows the electrostatic actuator 100 that 
includes the stator 12 and the rotor 14. The stator in- 
cludes a plane opposed surface 1 3 along which a linear 
array 41 of stator levitator electrodes 1 1 9, 1 21 , 1 23, 1 25, 
1 27 and 129 is disposed. The rotor includes a plane op- 
posed surface 15 along which a linear array 47 of rotor 
levitator electrodes 139, 141, 143, 145, 147 and 149 is 
disposed. The stator levitator electrodes and the rotor 
levitator electrodes are each elongate in the x-direction, 
perpendicular to the plane of the drawing. The pitch of 
the stator levitator electrodes is substantially equal to 
the pitch of the rotor levitator electrodes. There are no 
constraints on the number of electrodes in each array. 
The stator levitator array is preferably the drive levitator 
array, and the rotor levitator array is preferably the driv- 
en levitator array. 

The rotor 1 4 is supported relative to the stator 1 2 
so that the opposed surface 13 of the stator is spaced 
apart from the opposed surface 15 of the rotor by the 
spacing d. Similar to the stepper electrodes, the pitch/ 
spacing ratio of drive and driven levitator electrodes 
should be less than eight, and best operation Is obtained 
with a pitch/spacing ratio less than 2.25. 

The voltage source 158 is connected to alternate 
drive electrodes 139, 143, and 147, and the voltage 
source 1 60 is connected to alternate drive electrodes 
1 41 , 1 45 and 1 49 to apply an alternating voltage pattern 
to the driven levitator electrode array 47. The voltage 
source 159 is connected to alternate driven electrodes 
119, 123, and 127 and the voltage source 161 is con- 
nected to alternate driven electrodes 121, 125 and 129 
to apply an alternating voltage pattern to the drive levi- 
tator electrode array 41 . At least one of the voltage lev- 
els provided by the voltage sources 158 and 160 is dif- 
ferent from the voltage levels at provided by the voltage 
sources 159 and 161. The voltage levels of the voltage 
sources 160 and 161 are set to be smaller than voltage 
levels of the voltage sources 1 58 and 1 59, respectively. 

The rotor 14 is constrained so that it cannot move 
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in the y-direction, perpendicular to the x-direction in 
which the stepper electrodes step the rotor. The rotor 
may also be constrained in the direction of the z-axis, 
or may be free to move in that direction. Finally, the rotor 
may be constrained in the direction of the x-axis, or may 
be free to move in that direction. 

In the example shown in Figure 9, the rotor 14 is 
positioned in the y-direction so that the rotor levitator 
electrodes to which the lower voltage level is applied are 
substantially opposite the stator levitator electrodes to 
which the lower voltage level is applied. This relative po- 
sitioning of the electrodes corresponds to the rotor po- 
sition 0 in Figure 3. In this position, the out-of-plane re- 
pulsive force is a maximum, and the rotor will be repelled 
from the stator 12 with maximum voltage-to-force con- 
version efficiency. Figure 3 also shows that the in-plane 
force is zero when the rotor is in this position. However, 
the in-plane equilibrium at this position is unstable, 
which is why the rotor has to be constrained in the in- 
direction. 

The magnitude of the out-of-plane levitation force 
exerted between the levitator arrays 41 and 47 can be 
varied by changing any of the voltage levels provided 
by the voltage sources 1 58, 1 59, 1 60 and 1 61 . However, 
it is preferable that the voltages applied to the rotor lev- 
itator electrodes remain constant. This enables the 
number of electrical connections to the rotor to be min- 
imized, since it allows the same voltages to be applied 
to both the levitator electrodes and the stepper elec- 
trodes on the rotor. In this case, the levitation force on 
the rotor is adjusted by changing the voltage of the volt- 
age source 159 connected to the stator levitator elec- 
trodes. Increasing this voltage increases the levitation 
force. 

The levitation force exerted on the rotor 1 4 by the 
levitator arrays 41 and 47 can be used to move the rotor 
in the z-direction. Additionally or alternatively, the levi- 
tator arrays can be used in electrostatic actuators in 
which stepper arrays step the rotor in a single in-plane 
direction, such as in the x-direction. For example, if the 
stepper arrays step the rotor in the x-direction, as de- 
scribed above, and the levitator electrodes are disposed 
lengthways in the x-direction, then the opposition of the 
alternating voltage patterns on the drive and driven lev- 
itator arrays does not change as the rotor moves in the 
x-direction. 

Finally, the levitation force exerted on the rotor by 
the levitator arrays 41 and 47 can used to counteract 
the attractive out-of-plane force exerted on the rotor by 
the stepper arrays. The voltages applied to the drive lev- 
itator array can be controlled so that the net out-of-plane 
force on the rotor is reduced essentially to zero. This 
enables out-of-plane stiffness requirements of the rotor 
suspension to be substantially reduced. 

4. A Practical Embodiment and Variations 

The stepper arrays 11 and 17 and the levitator ar- 
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rays 41 and 47 described above can be used together 
in an electrostatic actuator that provides precise step- 
ping, large travel and a minimum out-of-plane force on 
the rotor suspension. Such an electrostatic actuator 
may be used, for example, to change the position of a s 
memory surface in relation to an array of probes in a 
high-density memory device. A preferred embodiment 
of such an electrostatic actuator will be described next. 

Figure 1 0 shows a bottom view of the rotor 14 that 
has a number of arrays of electrodes on its opposed sur- 
face 1 5. Each array is an array of six electrodes. The 
stepper electrode array 17 is shown as including the 
stepper electrodes 32-42 of the embodiment shown in 
Figure 1. With the rotor orientation shown in Figure 10, 
the stepper electrode array 1 7 can step the rotor 1 4 par- 
allel to the opposed surface 15 in the x-direction; i.e. 
perpendicular to the lengthwise direction of the elec- 
trodes 32-42, as described above. The electrode arrays 
19, 21, and 23 are physically identical to the electrode 
array 17 but may have different functions, as will be de- 
scribed below. 

All of the electrode arrays 17, 19, 21 and 23 may be 
used as driven stepper arrays to move the rotor 14 in 
the x-direction. In this case, the electrode arrays are 
separated from one another along the opposed surface 
15 by a distance equal the rotor electrode pitch p p so 
that the electrode pitch of the concatenated electrode 
arrays 17-23 is continuous. In the preferred embodi- 
ment, each stepper electrode array is composed of six 
electrodes, as shown in Figure 1 . Alternative embodi- 
ments may have fewer or more electrodes in each array. 
Alternate electrodes are electrically interconnected, so 
that when the electrodes are connected to two different 
voltages, an alternating voltage pattern is established 
that extends across the concatenated electrode arrays 
in the x-direction. 

Concatenated stepper electrode arrays similar to 
the array 11 are located on the opposed surface 13 of 
the stator 12 in an arrangement similar to that shown in 
Figure 1. In the preferred embodiment, each array of 
stepper electrodes on the stator is composed of seven 
electrodes. Other embodiments may have fewer or 
more electrodes in each array. Each array of stepper 
electrodes on the stator is paired with an array of stepper 
electrodes on the rotor. In this preferred embodiment, 
the stepper electrode arrays on the rotor electrodes are 
the driven arrays, and the stepper electrode arrays on 
the stator are the drive arrays. The locations of the drive 
arrays and the driven arrays may be interchanged, but 
the drive arrays should have an odd number of stepper 
electrodes and the driven array should have an even 
number of stepper electrodes. 

In addition to the four stepper electrode arrays 17, 
19, 21 and 23 that step the rotor in the x-direction, two 
other electrode arrays 47 and 49 are located on the op- 
posed surface 15. These arrays are disposed perpen- 
dicular to the electrode arrays 17-23. The array 47 is a 
levitator electrode array corresponding to the levitator 
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electrode array 47 shown in Figure 9, and is composed 
of the electrodes 139, 141, 143, 154, 147 and 149. Al- 
ternate electrodes in the levitator electrode arrays 47 
and 49 are electrically interconnected, so that when the 
levitator electrodes are connected to two different volt- 
ages, an alternating voltage pattern is established on 
each levitator electrode array. 

The levitator electrode arrays 47 and 49 may be op- 
erated in conjunction with corresponding levitator elec- 
trode arrays similar to the levitator electrode array 41 
located on the stator, as shown in Figure 9, (not shown) 
to apply a levitation force to the rotor. The levitator elec- 
trode arrays generate a repulsive out-of-plane force that 
may be used to counteract the attractive out-of-plane 
force generated by the stepper electrode arrays 17-23. 
The out-of-plane force generated by the levitator elec- 
trode arrays 47 and 49 may be controlled to maintain a 
predetermined spacing d between the opposed surfac- 
es 15 and 13 of the rotor and stator, respectively, not- 
withstanding variations in the out-of-plane attractive 
force with the in-plane position of the rotor. 

Alternatively, the voltages applied to the levitator 
electrode arrays 47 and 49 may be varied to change the 
spacing d. For example, in an advanced memory de- 
vice, one of the voltage levels applied to the drive levi- 
tator electrodes may be switched to bring a memory me- 
dium located on the rotor into contact with an array of 
probes. The memory medium is located on a surface of 
the rotor 14 opposite the opposed surface 15. 

The spacing d between the rotor and stator should 
be less than 30 um In the preferred embodiment, a val- 
ue of d in the range of 1 -6 urn produced optimum results. 

The preferred embodiment of the electrostatic ac- 
tuator is formed by micromachining using conventional 
integrated circuit fabrication techniques. For example, 
the rotor and stator may have a semiconductor sub- 
strate on which patterned dielectric and conductive lay- 
ers are formed. In one embodiment, a single-crystal sil- 
icon substrate was used with its surfaces protected by 
a layer of silicon nitride. A layer of tungsten was depos- 
ited on top of the silicon dioxide layer and was selective- 
ly etched to form the electrodes and conductors inter- 
connecting the electrodes. The use of integrated circuit 
fabrication techniques to form micromachined electro- 
static actuators is known in the art. Alternatively, the 
substrates of the rotor and stator may be formed of ma- 
terials conventionally used to form printed circuit boards 
or flex circuits. 

The "low - voltage applied to the drive and driven 
electrodes may be at ground potential. The "high" volt- 
age applied to the drive and driven electrodes is prefer- 
ably less than 20 V, and satisfactory operation occurs 
with actuation voltages less than 10 V. 

The rotor 14 can be supported over the stator 12 in 
a number of different ways. As discussed above, a me- 
chanical support using bending flexures such as folded 
beam flexures is preferred because such a structure 
supports the rotor with no appreciable static or dynamic 
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friction. An example of folded beam flexures is shown 
in Figure 2. The low ratio of out-of -plane force to the in- 
plane force achieved in the electrostatic actuator ac- 
cording to the invention enables folded beam flexures 
with relatively small aspect ratio to be used. Such folded 
beams flexures can be made relatively easily using con- 
ventional semiconductor fabrication techniques. 

The rotor may be suspended above the stator in 
other ways. The rotor may be suspended by a fluid layer 
such as an air layer or dielectric liquid layer, by rolling 
bearings or other rolling contact, by sliding contact, by 
sliding contact where one member is ultrasonically vi- 
brated to reduce friction, and by van der Waals repulsion 
between surfaces between which is disposed an appro- 
priate dielectric fluid. 

In a first variation on the embodiment shown in Fig- 
ure 10, one or both of the electrode arrays 47 and 49 
may be used as stepper arrays to step the rotor 14 in- 
plane in the y-direction. In this case, the driven arrays 
47 and 49 are aligned with corresponding stepper arrays 
located on the stator. The stepper electrode arrays are 
drive arrays similar to the stepper electrode array 11 
shown in Figure 1 . With this arrangement of electrodes, 
disrupting the alternating voltage patterns on the drive 
arrays opposite the arrays 47 and 49 steps the rotor in 
the y-direction. The arrays 17-23, 47 and 49, when used 
as stepper arrays, enable the rotor to be stepped both 
the x-direction and the y-direction. 

In a second variation, the electrode arrays 19 and 
21 are used as stepper electrodes together with the 
electrode arrays 1 7 and 23 to step the rotor 1 4 with a 
negligible out-of-plane force. The out-of-plane force is 
reduced to a negligible level by making the electrode 
pitch of the electrode arrays 17 and 23, and their corre- 
sponding stator electrode arrays, different from that of 
the electrode arrays 1 9 and 21 . 

When electrode arrays of different pitches are used 
to step the rotor 14, the forces exerted on the rotor will 
not be the simple sinusoidal curve shown in Figure 2. 
Instead, the forces on the rotor are the sum of multiple 
force components having different spatial frequencies. 
The number of force components depends on the 
number of different electrode pitches. With the appro- 
priate choice of the relative positions of the four elec- 
trode arrays 17-23, the rotor may have a stable position 
at which no net out-of-plane attractive force is exerted 
on it. This position is metastable in that there are other 
possible stable positions of the rotor where the rotor is 
subject to a significant out-of-plane attractive force. 
However, with appropriate initial conditions, the rotor 
may be maintained in the metastable position with no 
out-of-plane attractive force on it. 

In a third variation, one or both of the electrode ar- 
rays 1 9 and 21 may be used as position sensors to de- 
tect the position of the rotor 14 in the x-direction. For 
example, the electrode array 21 may be used as a sen- 
sor array in conjunction with a corresponding sensor ar- 
ray on the stator 1 2 (not shown) by applying to one of 



the sensor arrays an alternating voltage pattern in which 
the voltages vary with time, and connecting monitoring 
circuitry to the other sensor array. The voltages of the 
alternating voltage pattern may be a.c. voltages. An al- 

s ternating voltage pattern in which antiphase a.c. signals 
are applied to adjacent electrodes is particularly effec- 
tive. Alternatively, the alternating voltage pattern may be 
varied digitally, and digital monitoring circuitry may be 
connected to the other sensor array. The position of the 

io rotor 1 4 relative to the stator is tracked by the monitoring 
circuitry detecting variations in the induced charge or 
induced voltage. 

Electrode arrays are best configured for use as sen- 
sor arrays when the arrays on both the rotor and the 

15 stator have the same pitch, and alternate electrodes of 
each array are electrically connected to one another. 
The array to which the voltage source is connected may 
be regarded as the sensor drive array, and the array to 
which the monitoring circuitry is connected may be re- 

20 garded as the sensor driven array. 

The monitoring circuitry used to monitor the varia- 
tions in the induced charge or the induced voltage may 
be simplified by setting alternate sensor drive electrodes 
to equal and opposite voltages. If the sensor electrode 

25 pitch/spacing ratio is less than 2.25, this pattern of drive 
voltages generates a signal in the driven array that var- 
ies nearly sinusoidally in response to the position of the 
rotor. In conventional capacitive sensors, which have 
much larger pitch/spacing ratios, drive signals with a 90 

30 degree phase difference are required to generate a si- 
nusoidal position signal. Such drive signals require 
more complex circuitry to generate than the anti-phase 
drive signals used in the position sensors according to 
the invention. 

35 The fourth variation is a rotary actuator 200, in 
which the rotor rotates and the stepper electrodes locat- 
ed on the rotor and the stator are disposed radially about 
the center of rotation 202. Figure 11 shows a portion of 
the rotor 214 of such a rotary actuator. The stepper driv- 

40 en array 217 and the levitator driven array 247 are 
shown as examples of the electrode arrays that may be 
located on the opposed surface 215 of the rotor. Also 
shown is the additional array 21 9 that may be used to 
increase the applied in -plane force or to sense the rotor 

45 rotation. Each of these driven electrode arrays has a 
corresponding drive electrode array on the opposed sur- 
face of the stator (not shown). 

As noted above, the stepper electrodes are dis- 
posed radially and about the center of rotation, while the 

50 levitator electrodes are disposed circumferential ly. In 
the example shown, each stepper driven array, such as 
the electrode array 217, is composed of 10 electrodes. 
Accordingly, the corresponding stepper drive array on 
the stator (not shown) is preferably composed of 9 or 11 

55 electrodes. Because the stepper electrodes are dis- 
posed radially, the electrode pitch depends on the radius 
at which the pitch is measured. The pitch/spacing ratio 
of the stepper array is determined using the electrode 
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pitch measured half-way along the length of the elec- 
trodes. 

In a fifth variation, shown in Figure 12, the construc- 
tion of the driven electrodes is changed. In the embod- 
iments and variations described above, the electrodes s 
in the driven array are each a distinct conductive ele- 
ment. Such electrodes will be called physical elec- 
trodes. In the rotor 314 of the embodiment 300 shown 
in Figure 1 2, a conductive plane 78 is formed on the op- 
posed surface 315 ofthe rotor. An insulating layer 80 is 
then deposited on the conductive plane, and the physi- 
cal electrodes 34, 38, and 42 are located on the insulat- 
ing layer. The number of physical electrodes 34, 38 and 
42 located on the insulating layer is one-half of the 
number of electrodes in the array 317. The conductive 
plane is connected to the voltage source 58 and the 
physical electrodes 34, 38 and 42 are connected to the 
voltage source 60. The portions of the conductive plane 
78 between the physical electrodes 34, 38, and 42 act 
as effective electrodes equivalent to the electrodes 32, 
36 and 40 of the embodiment shown in Figure 1 , and 
operate together with the physical electrodes 34, 38, 
and 42 to establish an alternating voltage pattern along 
the opposed surface 31 5. Thus, the electrode array 31 7 
constituted of the conductive plane 78 and the three 
physical electrodes 34, 38 and 42 has the same char- 
acteristics as the electrode array 17 constituted of the 
six physical electrodes 32-42 shown in Figure 1 . Thus, 
in the present disclosure, the term ■electrode" is to be 
understood to encompass both physical electrodes and 
effective electrodes. 

In a sixth variation, the space between the rotor and 
stator is filled with a solid dielectric layer 84 and a fluid 
dielectric layer 86, as shown in Figure 13. Filling the 
space between the rotor and the stator with the dielectric 
layers reduces the attractive out-of-plane force exerted 
on the rotor. Suitable choices of the dielectric constants 
and the relative thicknesses of the two dielectric layers 
can reduce the out-of-plane force to a negligible level. 

The material of the solid dielectric layer 84 prefera- 
bly has a low dielectric constant, and its thickness is 
more than one-half of the spacing d between the op- 
posed surface 1 3 of the stator 1 2 and the opposed sur- 
face 15 of the rotor 14. The solid dielectric layer is lo- 
cated adjacent the stator. An example of the material of 
the solid dielectric layer is polytetrafluorethylene (PT- 
FE). 

Alternatively, a layer of air may be used instead of 
the solid dielectric layer 84. If the air layer is located ad- 
jacent the stator, for example, a shallow cavity is formed 
in the stator and the stator electrodes are located on the 
floor of the cavity. The cavity is capped by a thin solid 
film that separates the air layer from the dielectric fluid 
86. 

The dielectric material of the fluid layer 86 has a di- 
electric constant greater than that of the dielectric layer 
84. An suitable fluid is sold by 3M Company under the 
trademark Fluorinert. 



Apart from the dielectric layer and the fluid layer, the 
structure and operation of the electrostatic actuator 
shown in Figure 13 are the same as those of the em- 
bodiment shown in Figure 1. In one embodiment, PTFE 
is used as the dielectric layer 84, Fluorinert is used as 
the fluid layer 86, the thickness of the dielectric layer is 
0.9 times the spacing d between the opposed surfaces 
13 and 15, the thickness of the fluid layer is 0.1d, and 
the rotor pitch to spacing ratio p/d is unity. In this em- 
bodiment, the dielectric layer and the fluid layer collec- 
tively reduce the out-of-plane attractive force between 
the stator and the rotor substantially to zero. With larger 
values of the pitch/spacing ratio, the stator will exert an 
attractive out-of-plane force on the rotor, but with small- 
er values of the pitch/spacing ratio, the stator will exert 
a repulsive out-of-plane force on the rotor. 

The value of the pitch/spacing ratio required to re- 
duce the out-of-plane substantially to zero force de- 
pends on the ratio of the thickness of the dielectric layer 
to that of the fluid layer, and the difference between the 
dielectric constants of the dielectric material and the flu- 
id, increasing the ratio of the thickness of the dielectric 
layer to that of the fluid layer increases the pitch/spacing 
ratio at which the out-of-plane force becomes repulsive. 
Structures with larger pitch/spacing ratios are easier to 
fabricate. 

The two dielectric layers reduce the out-of-plane at- 
traction between the rotor 14 and the stator 12 regard- 
less of the direction of travel of the rotor relative to the 
stator. If the movement is to occur along a plane that is 
parallel to the major surfaces of the substrates, the op- 
eration is identical to the operation described with ref- 
erence to Figs. 1, 6 and 7. Thus, there are an even 
number of "effective" rotor electrodes and an odd 
number of stator electrodes. If the appropriate voltage 
patterns are established along the rotor and stator elec- 
trodes, switching a single electrode will drive the rotor. 

5. Stepping and Levitating Variations 

While the invention has been described as having 
a fixed alternating voltage pattern on the rotor elec- 
trodes, this is not critical. In some circumstances, charg- 
es may accumulate on the driven electrodes that op- 
pose the applied voltages. The severity of this problem 
can be reduced by occasionally inverting the voltage 
states of the driven electrodes. 

Moreover, while the electrostatic actuator according 
to the invention has been described with DC voltage lev- 
els applied to the electrodes, this is not critical. All the 
basic operational functions of the actuator can be pro- 
vided with a.c. voltages applied to the electrodes, pro- 
vided that the a.c. voltages applied to the rotor elec- 
trodes are in phase with the a.c. voltages applied to the 
stator electrodes. 

Referring briefly to Figure 6, additional positional 
control of the in-plane movement of the rotor 14 may be 
achieved by setting the voltage states of the drive e lee- 
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trodes to more than two possible voltage levels. In the 
embodiment described above with reference to Figure 
1 , the voltage state of one drive electrode at a time, for 
example, the electrode 16, is switched between the low 
voltage state to cause the rotor to move by one step. If, 5 
instead, the electrode control 30 sets the voltage of the 
electrode 16 to a voltage intermediate between the low 
voltage level and the high voltage level, this will still 
cause the rotor to move in the x-direction. However, the 
distance moved by the rotor is less than the step dis- 
tance that results from the voltage state changing from 
the low voltage level to the high voltage level. Such an 
in-plane movement will be called a "microstep." Alterna- 
tively, rotor can be moved by a microstep by repetitively 
switching the voltage on the electrode, for example, the 
electrode 16, between the low voltage level and the high 
voltage level. The distance that the rotor will move is 
determined by the mark-space ratio of the switching 
waveform. The switching frequency should be larger 
than any of the mechanical frequencies associated with 
the rotor. 

6. Definition of the Electrostatic Actuator in Terms of 
Spatial Wavelengths 

The simplicity of the alternating voltage patterns on 
the rotor and the stator enables such alternating voltage 
patterns to be established using elements other than 
electrodes. Alternatives to electrodes for establishing an 
alternating voltage pattern on the opposed surface of 
the rotor or the stator include: 

1 . A generator that establishes a standing electro- 
magnetic wave, similar to that in a cavity resonator, 
along the opposed surface. 

2. Charged particles deposited on the opposed sur- 
face. 

3. Piezoelectric material located on the opposed 
surface and a generator that subjects the piezoe- 
lectric material to an acoustic standing wave. The 
acoustic standing wave establishes a charge and 
voltage standing wave along the surface of the pi- 
ezoelectric material. 

4. A ferroelectric material that stores a pattern of 
charges located on the opposed surface. 

Embodiments of the electrostatic actuator in which 
the alternating voltage pattern is established using elec- 
trodes or by any of the above alternatives can be de- 
scribed mathematically as shown in Figure 14. The elec- 
trostatic actuator 400 shown in Figure 14 includes the 
stator 412 and the rotor 414. The stator includes the 
plane opposed surface 41 3 along which the first voltage 
pattern 411 is established. The rotor includes the plane 
opposed surface 41 5 along.which the second voltage 
pattern 417 is established. The rotor 414 is supported 
relative to the stator 412 so that the opposed surface 
413 of the stator is spaced apart from the opposed sur- 



face 415 of the rotor by the spacing d. 

The rotor 41 4 is supported so that it is free to move 
in the x-direction, but is constrained in the z-direction. 
The distance of the dotted curves representing the al- 
ternating voltage patterns 411 and 417 from the op- 
posed surfaces 41 3 and 415, respectively, denotes the 
voltage vector of the alternating voltage pattern at that 
particular location. The two voltage patterns 411 and 
417 are shown as having the same primary spatial 
wavelength X, though this does not need to be the case. 
Generally, each voltage pattern may include several 
spatial wavelengths. For the stator to exert an in -plane 
force on the rotor, the voltage patterns on the opposed 
surfaces of the stator and the rotor should have at least 
one spatial wavelength in common. 

To step the rotor 41 4, the voltage controller 457 in- 
troduces a local disruption in at least one of the alter- 
nating voltage patterns 411 and 417. This generates an 
in-plane force that steps the rotor. An out-of-plane force 
is additionally exened on the rotor. Similar to the embod- 
iment described above with reference to Figure 1 , the 
relationship between the periodicity of the alternating 
voltage pattern and the spacing between the opposed 
surfaces 41 3 and 41 5 must be within a certain range to 
reduce the ratio of the out-of-plane force to the in-plane 
force to acceptable levels. In this embodiment, the pe- 
riodicity of the alternating voltage pattern is character- 
ized by the primary spatial wavelength X, The ratio of 
the out-of-plane force to the in-plane force falls to a lev- 
els at which the forces are comparable when the ratio 
of the primary spatial wavelength to the spacing is less 
than 4.5, i.e., when the wavelength/-spacing ratio X/d 
<4.5. When electrodes are used to establish the alter- 
nating voltage pattern, the resulting spatial wavelength 
is twice the pitch of the electrodes. Thus, the wave- 
length/spacing ratio of 4.5 corresponds to the above- 
mentioned pitch/spacing ratio of 2.25. 

The primary spatial wavelengths of a more complex 
voltage pattern are determined using a spatial Fourier 
transform. Using a Fourier transform not only provides 
a way to quantify the characteristics of alternating volt- 
age patterns established other than by electrodes, but 
also provides a way to calculate the forces between the 
rotor and the stator when the alternating voltage pat- 
terns are established by electrodes. For example, the 
plots shown in Figures 3 and 4 were calculated using 
Fourier transforms. 

As a first example, the voltage pattern on the rotor 
of the embodiment shown in Figure 1 can be analyzed 
in terms of the wavelength of the alternating voltage pat- 
tern on the opposed surfaces 1 3 and 15. If the alternat- 
ing voltage pattern on one of the opposed surfaces is 
purely sinusoidal, the resulting voltage waveform in- 
cludes only one spatial wavelength component having 
a wavelength of X. However, in the embodiment shown 
in Figure 1 , the voltage patterns on the rotor and the 
stator are actually square waves, so that the waveform 
of the alternating voltage pattern includes components 
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at multiple, harmonically related, wavelengths. The 
waveforms ot the alternating voltage pattern can be con- 
sidered as sums of sine waves. The sine wave with the 
lowest frequency and the largest magnitude, i.e., the 
fundamental, has a wavelength X-2p. The higher har- 
monics have smaller amplitudes than the fundamental, 
and wavelengths of 2p/{2n + 1), where n is an integer. 
The effect of the higher-frequency components must al- 
so be considered in determining the forces exerted on 
the rotor. 

Any alternating voltage pattern can be analyzed into 
spatial frequency components at different spatial wave- 
lengths using a Fourier transform. It is preferable to ex- 
press the Fourier transform in terms of a spatial 
wavevector k, rather than in terms of the wavelength of 
a particular component. For a component with a wave- 
length X, the associated spatial wavevector /rhas a mag- 
nitude of 2x/X. 

The alternating voltage patterns and their corre- 
sponding Fourier transforms are described in mathe- 
matical terms as follows. The alternating voltage pat- 
terns in the direction of the x-axis on the opposed sur- 
face 41 3 of the stator 412 and the opposed surface 41 5 
of the rotor 414 shown in Figure 14 are denoted by Vj 
(x) and V 2 (x), respectively. The associated Fourier 
transforms V,<(/c) andv^/r) are functions of the wavevec- 
tor k. The fr-axis is parallel to the x-axis. The Fourier 
transform of the alternating voltage pattern on the op- 
posed surface 413 of the stator is determined using the 
following equation: 



1 ffi J 

The Fourier transform of the alternating voltage pattern 
on the opposed surface 415 of the rotor 414 is deter- 
mined by the following equation: 

V Ik) = -L;fV,(x)exp(/to)dx 
2 v/2^ J " 

The Fourier transform of the alternating voltage pattern 
on the rotor electrodes 32-42 is sharply peaked at k = 
n/p, where p is the pitch of the electrodes. There are 
additional smaller peaks at k - n{2n + 1 )/p where n is 
an integer. 

The more formal approach just described can be 
used to analyze more complex alternating voltage pat- 
terns to determine which spatial frequency components 
are present and to determine the relative magnitudes of 
the spatial frequency components. Complex alternating 
voltage patterns may have more than one primary spa- 
tial frequency component. The primary spatial frequen- 
cy components of a complex alternating voltage pattern 



are defined as those spatial frequency components that 
have the largest amplitudes and that together constitute 
more than two-thirds of the energy of the original alter- 
nating voltage pattern. 

5 An example of a complex alternating voltage pat- 
tern is that established on the opposed surface 1 3 of the 
stator 12 by the concatenated arrays of seven drive 
electrodes 16-28 with constant pitch p s shown in Figure 
7. In each drive array corresponding to the drive array 

10 11 , the voltage state of the electrodes corresponding to 
the electrodes 1 6, 20, 24 and 28 is high and the voltage 
state of the electrodes corresponding to the electrodes 
1 8, 22, and 26 is low. The spatial frequency components 
of this alternating voltage pattern are less apparent than 

is those of the alternating voltage pattern generated by the 
driven electrode array 17 on the opposed surface 15 of 
the rotor 14. When analyzed using the formal expres- 
sion stated above, the resulting Fourier transform is 
sharply peaked at wavevectors k equal to 2n/7p st 4tc/ 

20 7 P$> 6n/7p* 87i/7p 5 , 1 0n/7p s , \ 2i[/7p st .... Using the re- 
lationship x= 2nlX between the wavevector and the spa- 
tial wavelength X, the associated spatial wavelengths X 
are 7p s lp/l, 7p/$, 7p/4, IpJS, ~?p</o t .... The calcu- 
lated relative amplitudes of the components are 0.2406, 

25 0.3135, 0.7301, 0.5476, 0.1253, 0.0402, .... after nor- 
malization to make the sum of the squares of the ampli- 
tudes equal one. The sum of the squares of the ampli- 
tudes of the components having spatial wavelengths of 
7py3and 7p/4 is 0.833. These two components togeth- 

30 er constitute more than two thirds of the energy of the 
onginal alternating voltage pattern, and are therefore 
the primary spatial frequency components. 

As noted above, the out-of -plane force is reduced 
to a level at which it is comparable with the in-plane force 

3S when the ratio between the primary spatial wavelengths 
and the spacing d between the opposed surfaces of the 
rotor and the stator, i.e., X/d, is less than 4.5. 

At least one of the peaks in the Fourier transform 
v,i(/() must coincide with at least one of the peaks in the 

40 Fourier transform v^t(fc) to generate an in-plane force be- 
tween the rotor and the stator. To maximize the in-plane 
force, the pitch p r of the rotor electrodes must be chosen 
so that the primary spatial wavelength of the alternating 
voltage pattern on the rotor coincides with one of the 

45 two primary spatial wavelengths of the alternating volt- 
age pattern on the stator, i.e., 2p, = 7p/3 or 7p/4. With 
the shorter of the primary spatial wavelengths of the al- 
ternating voltage pattern on the stator, this becomes 8p/ 
4 = 7p/4, or 8p r = lp 9 With the longer of the primary 

50 spatial wavelengths of the alternating voltage pattern on 
the stator, this becomes 6p/3 = 7p</4, or 6p r = 7p^ This 
is the condition that governed the design of the electro- 
static actuator shown in Figure 1. While establishment 
of these relationships was illustrated above for seven 

55 stator electrodes, the relationships yield large in-plane 
forces and good stepping behavior for any odd number 
of stator electrodes. 

The forces between the rotor and stator can be ex- 
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pressed In terms of the primary spatial wavelengths of 
the alternating voltage patterns on the opposed surface 
of each. This force calculation produces results similar 
to those shown in Figures 3 and 4 in which the alternat- 
ing voltage patterns were generated using electrodes. 

In the actuator shown in Figure 14, the alternating 
voltage patterns on the two opposed surfaces 41 3 and 
415 are identical and have only one spatial wavelength 
X. The forces exerted on the rotor 41 4 by the alternating 
voltage patterns shown in Figure 1 4 are shown in Figure 
1 5 for the spatial wavelengthAspacing ratio, X/d, of 4.5. 
Similar to the characteristics shown in Figures 3 and 4 
for the alternating voltage pattern generated by elec- 
trodes located on the opposed surfaces 13 and 15 of 
the stator 12 and the rotor 14, respectively, the in-plane 
and outof-plane forces vary sinusoidally with the rotor 
position. Negative values of the outof-plane force F z in- 
dicate that the rotor is attracted towards the stator 
whereas positive values of F z indicate that the rotor is 
repelled from the stator. In Figure 15, the maximum in- 
plane force applied to the rotor, MaxF^ has nearly the 
same magnitude as the maximum out-of-plane attrac- 
tive force, MaxF z - As noted above, the similar magni- 
tudes of the in -plane and out-of-plane attractive forces 
is a significant benefit in micromachined devices be- 
cause it reduces the aspect ratio of the beam flexures 
supporting the rotor. Low aspect ratio beam flexures re- 
duce the processing complexity. 

The in-plane and out-of-plane forces are dependent 
on the spacing d between the opposed surfaces 41 3 and 
415 and the spatial wavelength X of the voltage patterns 
on the stator 41 2 and on the rotor 41 4. The force versus 
in-plane position curves shown in Figure 1 5 can be char- 
acterized by their extrema MaxF^ MaxF z + and MaxF z . 
The behavior of these extrema as functions of the spatial 
wavelength/spacing ratio X/d is shown in Figure 16. In 
this Figure, the alternating voltage patterns are as- 
sumed to be identical on both the stator 412 and the 
rotor 414 and are assumed to have one spatial wave- 
length component. 

The in-plane force MaxF x and the repulsive out-of- 
plane force MaxF z + are maximized only within a limited 
range of spatial wavelengths X. These maxima appear 
at a spatial wavelength/spacing ratio of approximately 
three. Therefore, to build an actuator with the largest in- 
plane force for a predetermined drive voltage and a pre- 
determined spacing between the opposed surfaces of 
the stator and the rotor, the Fourier transforms of the 
voltage patterns on the two opposed surfaces should be 
substantially centered around spatial wavelengths 
which provide a spatial wavelength/spacing ratio of 
about three. 

In certain applications, the ratio of the outof-plane 
force to the in-plane force may be more important than 
the magnitude of the in-plane force for a given drive volt- 
age. The ratio of the out-of-plane force to the in-plane 
force is large when the spatial wavelength/spacing ratio, 
X/d, is large. A large spatial wavelength/spacing ratio 
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may result when large electrodes with a large pitch are 
used. Such electrodes are simpler and cheaper to make 
than small electrodes with a small pitch. Figure 15 
shows that the ratio of the outof-plane force to the in- 
s plane force is much greater than unity when the spatial 
wavelength/spacing ratio, X/d, is greater than 16. The 
force ratio reduces to less than two as the spatial wave- 
length/spacing ratio becomes less than 4.5. The force 
ratio is about unity when the wavelength/spacing ratio 
10 is less than two. 

For micromachined actuators, having a low ratio of 
the outof-plane force to the in -plane force is particularly 
important because a low force ratio enables the folded 
beam flexures that support the rotor to have an aspect 
is ratio that is easy to fabricate. For example, in a typical 
advanced memory application, the total travel of the ro- 
tor may be about 50 uin and the spacing d between the 
rotor and stator may have to be maintained to within an 
accuracy of about 0. 1 um If a conventional rotor is used, 
in which all the electrodes are held at the same voltage, 
then the outof-plane to in-plane force ratio is nearly 10. 
To support such a rotor requires folded beam flexures 
having an aspect ratio of at least 50: 1 , i.e., the height of 
the folded beams in the z-direction must be at least fifty 
times larger than the width in the xo'irection. Folded 
beams with such a large aspect ration are extremely dif- 
ficult using current fabrication techniques. However, if 
the alternating voltage patterns shown in Figure 14 are 
established on the opposed surfaces 13 and 15 of the 
rotor and the stator, and the spatial wavelength/spacing 
ratio is less than 4.5, then the ratio of the outof-plane 
force to the in-plane force is less than about 1.6. In this 
case, the rotor can be supported with the required ac- 
curacy in the zo*irection using folded beam flexures hav- 
ing an aspect ratio of about 20. Structures with this as- 
pect ratio are simple to make using current fabrication 
techniques. 

Although this disclosure describes illustrative em- 
bodiments of the invention in detail, it is to be understood 
that the invention is not limited to the precise embodi- 
ments described, and that various modifications may be 
practiced within the scope of the invention defined by 
the appended claims. 



Claims 

1. An electrostatic actuator, comprising: 

a first member (14) having a first opposed sur- 
face (15), the first opposed surface including an 
array (17) of driven electrodes (32, etc.), the 
driven electrodes having a pitch p r * 
a second member (12) having a second op- 
posed surface (13), the second opposed sur- 
face including an array (11 ) of drive electrodes 
(16, etc.); 

a support (120) disposed between the first 
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member and the second member to support the 
first member and the second member adjacent 
one another, with the first opposed surface 
spaced apart from the second opposed surface 
by a spacing d, the spacing and the pitch having s 
a ratio p/d of less than eight, and to permit 
movement of one of the first member and the 
second member relative to the other; and 
means (58, 60) for establishing a spatially sub- 
stantially alternating voltage pattern on the ar- 10 
ray of driven electrodes; and 
means (30, 31 ) for establishing a spatially sub- 
stantially alternating voltage pattern on the ar- 
ray of drive electrodes, and for selectively im- 
posing a variation on the substantially altemat- is 
ing voltage pattern on the array of drive elec- 
trodes to move the one of the first member and 
the second member relative to the other. 

The electrostatic actuator of claim 1 , in which the 20 
means for establishing a spatially substantially al- 
ternating voltage pattern on the array of drive elec- 
trodes, and for selectively imposing a variation on 
the spatially substantially alternating voltage pat- 
tern selectively imposes a local disruption on the 2s 
spatially substantially alternating voltage pattern on 
the array of drive electrodes to step the one of the 
first member and the second member relative to the 
other. 

30 

The electrostatic actuator of claim 2, in which: 

the means for establishing a spatially substan- 
tially alternating voltage pattern on the array of 
driven electrodes includes means for connect- 35 
ing alternate ones of the driven electrodes to a 
first voltage and electrodes adjacent the alter- 
nate ones of the driven electrodes to a second 
voltage, different from the first voltage; and 
means for establishing a spatially substantially 40 
alternating voltage pattern on the array of drive 
electrodes includes: 

means for connecting alternate ones of the 
drive electrodes to the first voltage and *s 
electrodes adjacent the alternate ones of 
the drive electrodes to the second voltage, 
and 

means for progressively stepping the local- 
ized disruption along the array of drive so 
electrodes. 

The electrostatic actuator of claim 2, in which: 

the array of driven electrodes is composed of 55 
an even number n r of drive electrodes; 
the array of drive electrodes is composed of an 
odd number n s of drive electrodes differing in 



number from driven electrodes in the array of 

driven electrodes by one; 

the drive electrodes have a pitch; and 

a ratio of the pitch of the driven electrodes to 

the pitch of the drive electrodes is substantially 

W 

5. The electrostatic actuator of claim 2, in which: 

the first opposed surface additionally includes 
an additional array of driven electrodes, the 
electrodes of the additional array of driven elec- 
trodes having a pitch substantially equal to p p ' 
the second opposed surface additionally in- 
cludes an additional array of drive electrodes 
having a pitch substantially equal to p r the ad- 
ditional array of drive electrodes being located 
opposite the additional array of driven elec- 
trodes; 

the means for establishing a spatially substan- 
tially alternating voltage pattern on the array of 
driven electrodes is additionally for establishing 
an alternating voltage pattern on the additional 
array of driven electrodes; and 
the electrostatic actuator additionally compris- 
es means for establishing a spatially substan- 
tially alternating voltage pattern on the addition- 
al array of drive electrodes and for selectively 
imposing a variation on the spatially substan- 
tially alternating voltage pattern to set the spac- 
ing d. 

6. Theelectrostatic actuator of claim 2, in which: 

the first opposed surface additionally includes 
an array of first sensor electrodes, the first sen- 
sor electrodes having a pitch substantially 
equal to p^ 

the second opposed surface additionally in- 
cludes an array of second sensor electrodes 
having a pitch substantially equal to p r the ar- 
ray of second sensor electrodes being located 
opposite the array of first sensor electrodes; 
the means for establishing a spatially substan- 
tially alternating voltage pattern on the array of 
driven electrodes is additionally for establishing 
an alternating voltage pattern on the array of 
first sensor electrodes; and 
the electrostatic actuator additionally compris- 
es means for monitoring variations in one of 
voltage and charge induced by the array of first 
sensor electrodes in the array of second sensor 
electrodes to monitor a position of the one of 
the first member and the second member rela- 
tive to the other. 

7. The electrostatic actuator of claim 6, in which the 
means for establishing a spatially substantially al- 
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te mating voltage pattern on the array of first sensor 
electrodes is for establishing an alternating voltage 
pattern in which the voltages cyclically vary with 
time. 

8. The electrostatic actuator of claim 2, in which: 

the first opposed surface additionally includes 
an additional array (47) of driven electrodes 
disposed perpendicular to the array of driven 
electrodes, the electrodes of the additional ar- 
ray having a pitch substantially equal to p r and 
the second opposed surface additionally in- 
cludes an additional array of drive electrodes 
disposed perpendicular to the array of driven 
electrodes and opposite the additional array of 
driven electrodes. 

9. The electrostatic actuator of claim 2 in which: 

the array of driven electrodes is a first array of 
driven electrodes; 

the array of drive electrodes is a first array of 
drive electrodes; 

the first opposed surface additionally includes 
a second array (19) of driven electrodes dis- 
posed parallel to the first array of driven elec- 
trodes and having a pitch different from 
the second opposed surface additionally in- 
cludes a second array of drive electrodes dis- 
posed parallel to the first array of drive elec- 
trodes; and 

the first arrays electrodes and the second ar- 
rays of electrodes collectively operate to step 
the one of the first member and the second 
member relative to the other. 

10. The electrostatic actuator of claim 2, additionally 
comprising a fluid layer (86) and a solid dielectric 
layer (84) disposed between the first member and 
the second member, the fluid layer being adjacent 
the first member and the solid dielectric layer being 
adjacent the second member, the fluid layer having 
a dielectric constant greater than that of the solid 
dielectric layer and having a thickness less than the 
thickness of the solid dielectric laver. 

11. The electrostatic actuator of claim 2, in which the 
means for selectively imposing a variation on the 
spatially substantially alternating voltage pattern on 
the array of drive electrodes includes means for 
changing a voltage state of one of the drive elec- 
trodes at a time. 

12. The electrostatic actuator of claim 1 , in which: 

the electrostatic actuator is a rotary actuator 
(200); and 



the drive electrodes and the driven electrodes 
are disposed one of radially and circumferen- 
tially about a pivot. 

s 13. The electrostatic actuator of claim 1 , in which: 

the electrostatic actuator additionally includes 
a conductive plane (80); and 
alternate ones of the driven electrodes are 
10 parts of the conductive plane. 

14. The electrostatic actuator of claim 1, in which the 
spacing and the pitch have a ratio of less than 2.25. 

is 15. The electrostatic actuator of claim 1 , in which: 



the drive electrodes (119, etc.) have a pitch 
substantially equal to the pitch of the driven 
electrodes (139, etc.), 

the means for establishing a spatially substan- 
tially alternating voltage pattern on the array of 
driven electrodes includes means for connect- 
ing alternate ones of the driven electrodes to a 
first voltage (158) and electrodes adjacent the 
alternate ones of the driven electrodes to a sec- 
ond voltage (1 60), less than the first voltage; 
the means for establishing a spatially substan- 
tially alternating voltage pattern on the array of 
drive electrodes and for selectively imposing a 
variation on the spatially substantially alternat- 
ing voltage pattern includes means for connect- 
ing alternate ones of the drive electrodes to a 
third voltage (1 59) and electrodes adjacent the 
alternate ones of the drive electrodes to a fourth 
voltage (161), less than the third voltage, and 
for changing one of the third voltage and the 
fourth voltage to levitate the one of the first 
member and the second member relative to the 
other; and 

the electrodes are disposed so that the driven 
electrodes connected to the third voltage are 
aligned opposite the drive electrodes connect- 
ed to the first voltage. 
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16. The electrostatic actuator of claim 15, in which the 
first voltage is about 0 V and the second voltage is 
less than 20 V. 

17. A method of driving an electrostatic actuator, the 
method comprising: 

providing a first member (14) and a second 
member (12), each of the first member and the 
second member including an opposed surface 
(15, 13); 

disposing the opposed surface of first member 
opposite the opposed surface of the second 
member with a spacing of dto allow one of the 
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first member and the second member to move 
relative to the other in a direction parallel to the 
opposed surfaces; 

establishing a spatially substantially alternating 
voltage pattern on the opposed surface of the s 
first member, and a static, spatially substantial- 
ly alternating voltage pattern on the opposed 
surface of the second member, each alternat- 
ing voltage pattern defining a waveform having 
a primary spatial wavelength X satisfying the 10 
spatial wavelength/spacing condition X/d < 16; 
and 

selectively imposing a variation on the alternat- 
ing voltage pattern on the opposed surface of 
the first member to move the one of the first 15 
member and the second member relative to the 
other. 

18. The method of claim 17, in which, in the step of se- 
lectively imposing a variation on the spatially sub- 20 
stantially alternating voltage pattern on the opposed 
surface of the first member, a local disruption is im- 
posed on the spatially substantially alternating volt- 
age pattern to step the one of the first member and 
the second member relative to the other. 25 

19. The method of claim 18, additionally comprising in- 
crementally moving the local disruption through the 
drive array to step the one of the first member and 
the second member incrementally by repetitively 30 
performing a step of changing a voltage state of an 
electrode adjacent an electrode that was switched 

in an immediately preceding step. 

20. The method of claim 1 7, in which: 35 



in the step of establishing a spatially substan- 
tially alternating voltage pattern on the opposed 
surface of the first member and the second 
member, an alternating voltage pattern consist- 
ing of two voltage states is established; and 
the step of selectively imposing a local disrup- 
tion in the alternating voltage pattern on the op- 
posed surface of the first member includes 
changing one of the two voltage states at a se- 
lected location in the voltage pattern to a volt- 
age state intermediate between the two voltage 
states. 

22. The method of claim 17, in which: 

in the step of establishing a spatially substan- 
tially alternating voltage pattern on the opposed 
surface of the first member and the second 
member, an alternating voltage pattern having 
two voltage states is established; and 
the step of selectively imposing a local disrup- 
tion in the alternating voltage pattern on the op- 
posed surface of the first member includes rap- 
idly switching a selected location in the alter- 
nating voltage pattern between the two voltage 



23. The method of claim 17, in which, in the step of es- 
tablishing a spatially substantially alternating volt- 
age pattern on the opposed surface each of the first 
member and the second member, each alternating 
voltage pattern defines a waveform having a prima- 
ry spatial wavelength X satisfying the spatial wave- 
length/spacing condition X/d <4.5. 



in the step of establishing a spatially substan- 
tially alternating voltage pattern on the opposed 
surface of the first member and a static, spa- 
tially substantially alternating voltage pattern 
on the opposed surface of the second member: 



40 



the alternating voltage patterns have volt- 
age maxima located opposite one another, 
and 

the spatially substantially alternating volt- 
age pattern established on the opposed 
surface of the first member additionally has 
voltage minima; and 

the step of selectively imposing a variation on 
the alternating voltage pattern on the opposed 
surface of the first member includes varying 
one of the voltage maxima and the voltage mini- 
ma of the alternating voltage pattern. 
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21. The method of claim 1 7, in which: 
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